The dynamic increase in THz photoconductivity resulting from energetic intraband relaxation was used to track the formation of highly mobile charges in thin films of the tin iodide perovskite Cs 1−x Rb x SnI 3 , with x = 0 and x = 0.1. Energy relaxation times were found to be around 500 fs, comparable to those in the prototypical inorganic semiconductor GaAs. At low excess energies the efficient intraband energy relaxation in the lowest conduction and valence bands of Cs 1−x Rb x SnI 3 can be understood within the context of the Fröhlich electron-phonon interaction, with a strong coupling strength.
cluding a hot-phonon bottleneck, 9 Auger heating, 13 the low thermal conductivity found in organic-inorganic perovskites, 16 the possible role of higher conduction bands 16 and liquidlike reorientations of organic cations. 14 This recent work underscores the need to better understand the non-equilibrium carrier dynamics of hot electrons and holes in metal halide perovskites, in particular during intraband energy relaxation processes, in order to control hot carrier relaxation times.
Optical pump, THz probe spectroscopy (OPTP) has provided detailed insights into the mobility and recombination kinetics of metal halide perovskites, principally on organic methylammonium (MA) and formadinium (FA) lead and tin compounds. [17] [18] [19] [20] [21] [22] Here, the total photoconductivity of photoexcited electrons and holes, ∆σ(t) at pump-probe delay t, is linked to the measured differential THz transmission ∆E/E. 23 The decay dynamics of ∆σ on timescales 10 ps < t < 3 ns can be used to determine the monomolecular, bimolecular and
Auger recombination rates. 20, 22 On earlier timescales OPTP with band-edge excitation has been used to probe free carrier formation in methylammonium lead iodide single crystals, which form within 1 ps. 19 A less common use of OPTP is to study hot carrier relaxation within a band, on timescales below 10 ps. While transient absorption and photoluminescence spectroscopies provide information about carrier populations and temperatures, they do not directly probe the carrier conductivity. A large excess carrier energy produces a small initial ∆σ, owing to the higher carrier effective masses away from band extrema. OPTP then tracks carrier relaxation to lower mass states by observing the time taken for the photoconductivity to increase during intraband energetic relaxation, as previously reported for the III-V semiconductors GaAs, 24, 25 InGaAs 26 and InAs.
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Inorganic tin halide perovskites are emerging as a promising materials class for optoelectronic applications, as exemplified by B-γ phase CsSnI 3 , which offers strong interband absorption and photoluminescence, a high electron and hole mobility, and potential use in photovoltaics. [28] [29] [30] [31] One challenge is that tin vacancies can readily form, [32] [33] [34] 
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In this Article we report a study of the energy relaxation of hot carriers in the tin halide perovskite Cs 1−x Rb x SnI 3 (x ≤ 0.1). Partial Rb substitution was adopted as it benefits PV performance. 37 In addition to the importance of this material for PV applications, it is also a cleaner model system to study hot carrier cooling effects than the organic-inorganic lead halide perovskites for two reasons. Firstly, the choice of an inorganic A-site cation (Cs/Rb) eliminates possible effects associated with reorientations of the organic cations. 14 Secondly, tin perovskites have lower Auger recombination rates than their lead counterparts: 21 in lead perovskites, the three-particle Auger effect increases the energy of the carrier that does not recombine, helping maintain elevated temperatures. 13 Experimental results from OPTP, with variable pump wavelengths between the bandgap and the peak of the solar spectrum, were used to determine energy relaxation times over the range most relevant for photovoltaic applications. We interpret the findings using complementary results from photoluminescence spectroscopy, bandstructure calculations and a model of the electron-LO phonon energy loss rate. 
Methods Materials

Perovskite film synthesis
In a dry nitrogen filled glovebox (<1 ppm O 2 and <1 ppm H 2 O) CsI, RbI, SnI 2 and tin(II)
halide were mixed together in (1 − x) : x : 1 : 0.1 molar ratio, where x = 0 or 0.1. To this mixture DMF was added to make solutions with 8, 16 and 20 wt% (total mass of solids), which were stirred overnight before use. To deposit films a few drops of a particular wt% solution were dropped on to the substrate to cover the entire surface, followed by spinning at 4000 rpm for 30 seconds. Film thicknesses were 50 nm (8 wt%), 80 nm (at 16 wt%) or 100 nm (20 wt%). The B-γ phase forms immediately upon solvent evaporation, as confirmed by Xray diffraction, UV-visible absorption and photoluminescence measurement. The substrate used was z-cut quartz, and samples were then either encapsulated with a top layer of PMMA, or a second z-cut quartz substrate, which was sealed by an epoxy while inside the glove box.
The choice of substrate ensured excellent transparency across the UV, visible and THz.
The optical colour of the films (dark brown) and the band-edge photoluminescence were monitored to ensure that encapsulated films did not oxidise into Y-CsSnI 3 or Cs 2 SnI 6 during this study. An undoped single crystal of (100)-orientation was used for the measurements on GaAs.
Terahertz spectroscopy
An optical-pump, THz-probe spectrometer based on an ultrafast Ti:sapphire amplifier (New- 
Photoluminescence spectroscopy
Commercial micro-Raman spectrometers (Renishaw inVia) were used to obtain photoluminescence spectra at multiple points across the Cs 1−x Rb x SnI 3 films. Excitation powers below 15 µW were used, along with a 50x long working length objective lens. No Raman active modes were observable for CsSnI 3 in the range from 50 cm −1 -1500 cm −1 . A temperature stage (Linkam THMS600) with liquid nitrogen cooling was used for the temperature-dependent PL measurements.
Density functional theory
The structural optimization of the B-γ orthorhombic phase of CsSnI 3 and Cs 0.25 Rb 0.75 SnI 3 using unit cells of 20 atoms was performed using DFT within the local density approximation (LDA) 50 implemented in the Vienna ab-initio simulation package (VASP). 51 The outermost s, p, and d (in the case of Sn) electrons are treated as valence electrons whose interactions with the remaining ions is modeled by pseudopotentials generated within the projectoraugmented wave (PAW) method. 52 An energy cutoff of 500 eV and 8× 6×8 k-point meshes were used to achieve energy and force convergence of 0.1 meV and 2 meV/Å, respectively. with experiment. 37 A denser k-point mesh of 16 × 12 × 16 was used to obtain high quality bandstructures with details shown in Figure 1 and Table 1 and discussed in the main text.
DFT-LDA optimized lattice parameters of CsSnI
Results
Density functional theory
To identify the relevant excitation wavelengths for hot carrier excitation in Cs 1−x Rb x SnI 3 , we first examined the bandstructure of Cs 1−x Rb x SnI 3 using the DFT-1/2 method, taking into account the spin orbit coupling effect, 39 which enables accurate bandgap predictions by introducing a half-electron and half-hole, at the same computational expense as standard DFT. 40 The DFT-1/2 bandstructure within the first Brillouin zone is shown in Figure 1 for the B-γ orthorhombic phase of CsSnI 3 . As reported previously, the valence bands derive from a mixture of Sn 5s and I 5p orbitals, while the conduction bands are predominantly Sn 5p in character. 38 The similarity between the x and z directions (a c) yields band dispersions that are comparable towards X and Z (black solid and dashed lines, right-hand panel of Figure 1(a) ). In contrast, since b a, c the dispersion towards Y (black solid lines, left-hand panel) is more pronounced, and the Brillouin zone boundary is at lower wavevector. 
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Photoluminescence spectroscopy
The strong absorption of B-γ Cs 1−x Rb x SnI 3 37 can be linked to the large matrix elements for interband transitions across the Sn 5s to Sn 5p direct bandgap, such as pictured from VB1
to CB1 in Figure 1(a) . In contrast, p → p transitions would have a weaker amplitude as they would not satisfy the electric dipole selection rule. After absorption, electrons (holes) relax in energy within CB1 (VB1) to the Γ point, after which they can recombine via bimolecular radiative recombination or monomolecular (trap-assisted) decay. Photoluminescence (PL) spectroscopy provides a direct probe of the energy distribution of unbound electron-hole x. 37 The spectrum exhibits the asymmetric shape typical of PL from non-equilibrium carriers in direct-gap semiconductors, with a high-energy tail that has a shallower gradient than the low-energy tail. Under 532 nm excitation (2.33 eV) interband absorption from VB1
can populate the first six CBs, and VB2→CB1 also becomes energetically allowed. The observed PL emission (green dots) then contains an additional peak at 1.75 eV, consistent with CB2→VB1 or CB3→VB1 transitions (Table 1) .
To model the PL emission spectra we used the following expression for interband emission intensity I(E) from hot carriers in a direct-gap semiconductor:
where f (E) = (E − E g ) 1/2 e −(E−Eg)/k B Te for E − E g ≥ 0 and f (E) = 0 for E − E g < 0, and denotes taking the convolution. We assumed a Gaussian term, with width σ, to describe the symmetric broadening caused by inhomogeneous and homogenous broadening of the interband transition. The term f (E) includes the Boltzmann factor at a carrier temperature T e , which for non-equilibrium carriers is greater than the lattice temperature. Carriers are While the use of a single temperature to model the photoexcited carriers in this multiband, anisotropic compound is clearly a first-order approximation, it yields an excellent agreement with experiment, as indicated by the dashed lines in Figure 2 (a), obtained with the parameters reported in Table 2 . Under 785 nm excitation the non-equilibrium carrier temperature was T e = 343 ± 2 K at a lattice temperature T = 293 K, which increased to T e = 390 ± 3 K under 532 nm excitation. The spectral PL shape was independent of photoexcitation power over 2 orders of magnitude, indicating that the elevated temperature was not due to localized heating. Further, by tracking the peak energy and FWHM, Γ, of the PL versus lattice temperature, as reported in Figure 2 (b) and (c) for x = 0 (squares), we demonstrate that measurements at room temperature are in the B-γ phase rather than the B-β phase, which was evident above 360 K by a change in the gradients of E g and Γ with temperature.
Optical pump, THz probe spectroscopy
The PL results indicate that carriers in Cs 1−x Rb x SnI 3 are hot while undergoing radiative recombination, and hence spend insufficient time within the CBs or VBs to reach thermal equilibrium with the lattice before recombining. To provide experimental insight into intraband dynamics we utilized OPTP spectroscopy over a wide range of optical pump wavelengths, generated by an optical parametric amplifier. Accurate knowledge of the pump-beam diam- eter at each wavelength ensured that the same pump fluence ( 100 µJcm −2 ) was set across the entire wavelength range. We determined the pump-induced change in the amplitude of the transmitted THz pulse, ∆E/E, at early times following excitation. The photoconductivity ∆σ of the excited layer is proportional to -∆E/E in the thin-film limit, which is valid for the 50 nm, 80 nm and 100 nm thick Cs 1−x Rb x SnI 3 samples examined in this study. The absorption depth for CsSnI 3 was comparable to the film thickness throughout the range of wavelengths used, and hence carrier diffusion and photon reabsorption, which complicate the analysis of recombination dynamics from OPTP, 41 can be ignored. Monoexponential recombination with lifetimes from 150 ps to 300 ps were observed in all samples, ruling out bimolecular and Auger recombination at the low fluences used.
In Figure 3 the onset of photoconductivity is reported for Cs 0.9 Rb 0.1 SnI 3 and for GaAs at various photoexcitation wavelengths. In both materials the rise time for -∆E/E to reach a maximum can be seen to increase with excess pump energy (at shorter wavelengths).
For GaAs, under the lowest excess energy excitation (wavelength 780 nm) -∆E/E increased rapidly within 300 fs of the pump arrival time. For GaAs the lighter electron mass in the Γ-valley than the heavy-hole mass means that the photoconductivity ∆σ = ∆σ e + ∆σ h ∆σ e .
With increasing pump energy the photoconductivity rise time increases substantially, taking around 5 ps to complete when λ = 600 nm.
To quantitatively compare the photoconductivity dynamics we performed fits of the form ∆E/E ∝ 1 − e −t/τ , where the photoconductivity rise time τ depends on pump wavelength λ.
This analysis assumes carriers are initially injected into states with negligible photoconductivity, and then relax with time constant τ to a ground state with high mobility (low mass).
The fit results, reported in Figure 4 , yielded τ = 151 fs at the longest pump wavelength for GaAs, which can be regarded as the shortest photoconductivity rise time observable by this spectrometer. The rise time increased marginally from an average τ = 155 fs for λ > 750 nm to τ = 300 fs at λ = 680 nm, due to the extra time required for electrons to cool to the Γ-valley minimum. With increasing excess energy (λ < 650 nm) the rise time increases more dramatically to τ > 1.5 ps, as electrons are initially injected into high mass states (high in the conduction band), with the possibility of intervalley transfer to the high mass L-and (Table 1) , and hence the measured −∆E/E(t) ∝ ∆σ e (t) + ∆σ h (t) is linked to both the electron and the hole population dynamics. The measured −∆E/E(t) rise dynamics were found to be independent of pump fluence in the range 20 µJcm At lower excess energies (longer wavelengths) the photoconductivity rises to a maximum within 1 ps, with an average τ = 0.54 ± 0.08 ps over the range from 760 nm to 700 nm ( Figure 4 ). For these pump wavelengths carrier injection is into VB1 and CB1 only, as pictured schematically for 750 nm excitation in Figure 1(a) . With a 650 nm pump (1.91 eV)
electrons and holes are generated with higher initial masses in VB1 and CB1, and electrons can be created in CB2, CB3 and CB4, as pictured in Figure 1(b) . This leads to a slower photoconductivity rise of an average τ = 0.90±0.3 ps at photon energies above 1.8 eV. Above 1.95 eV VB2→CB1 is energetically allowed, and τ remains around 1.0 ps, faster than that for GaAs.
Modeled energy relaxation time
The Fröhlich treatment of the inelastic electron-LO phonon interaction, which dominates intraband energy relaxation in polar semiconductors at room temperature, can be used to model the rate of intraband energy loss. 42, 43 This approach determines the net energy cooling rate from LO phonon emission and absorption, and hence the energy relaxation time τ E . If the experimental rate 1/τ is similar to 1/τ E then the Fröhlich mechanism can be regarded as the dominant cooling path, rather than other inelastic energy-loss mechanisms (such as acoustic phonon scattering). For hot carriers with a Maxwell-Boltzmann energy distribution, characterized by a temperature T e above the lattice temperature T , τ E can be determined
where the phonon temperature Θ is defined by k B Θ = ω LO for LO-phonon energy ω LO and K 0 is a modified Bessel function of the second kind. 43 The dimensionless Fröhlich electronphonon coupling constant, α, can be determined via α = (e 2 /4π 0 )(m * /2 ω LO ) 1/2 ( 
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To estimate α and τ E for CsSnI 3 we used values ( s = 48, ∞ = 6) from first principles calculations, 44 given the sparcity of experimental data for the dielectric constants and phonon frequencies. This lack is due to the large p-type doping typically found for B-γ CsSnI 3 , which has hindered the experimental determination of the phonon modes frequencies from Raman and FTIR spectroscopy, 35 The energy relaxation times calculated for CsSnI 3 and GaAs are reported in Figure 5 versus T e . Also shown is the average carrier kinetic energy E k above the band minimum,
k B T e . The above formalism, which was derived for single, spherical bands, can only be applied for low E k , where multiple bands can be ignored. For GaAs the energy relaxation time is around 300 fs in this limit, which can be compared to the experimental 155 fs at long pump wavelengths (low E k ). The electron-LO phonon interaction thus makes up around half of the total cooling rate, with the remainder from electron-acoustic phonon scattering, as suggested by recent first-principles treatments of electron cooling in GaAs.
47
A simple analysis of Equation 2 would predict that the ∼ 4× lower LO phonon frequency of CsSnI 3 in comparison to GaAs should to lead to a ∼ 30× higher τ E , since τ E ∼ ω −5/2 LO (ignoring how ω LO enters into K 0 and the sinh terms), and hence that LO phonon scattering does not dominate energy relaxation. However, the calculated τ E for CsSnI 3 is comparable to that for GaAs: it is slightly lower for parameter set B, while parameter set A has a similar τ E to that of GaAs at low T e which then diverges at higher T e . This is a consequence of the substantially greater α for the perovskite than for GaAs, which lowers τ E , offsetting the increase in τ E from the lower ω LO . At a kinetic energy of 150 meV (corresponding to a pump wavelength of 750 nm and T e = 1160 K) the experimental τ ∼ 0.55 ps is in reasonable accord with τ E ∼ 0.45 ps from parameter set A. This agreement is reasonable given the uncertainty 400 600 800 1000 1200 1400 1600 Hot carrier temperature T e (K) Figure 5 : Energy relaxation time τ E calculated for hot carriers at a lattice temperature T = 300 K and for parameters representative of GaAs (blue curve) and CsSnI 3 (green and red curves).
in α and ω LO .
Discussion
The good qualitative agreement between the intraband energy relaxation time in the Frölich description and the experimental τ suggests that the electron-phonon interaction may control the energetic relaxation of hot carriers in metal halide perovskites. Despite the lower LO phonon frequencies in the halide perovskites than in GaAs, the electron cooling times τ E can be comparable as a result of the enhanced electron-phonon interaction strength, α (Equation 2). It is important to note that the calculated results for τ E are valid in the low excess energy limit, where bands can be approximated as parabolic, and for the single band case only. More realistic models of energy relaxation need to include acoustic phonon scattering, excitonic effects and the inherent anisotropy of the bandstructure (Figure 1) , the phonon dispersion, and α. For instance, a possible electron relaxation pathway after photoexcitation at 650 nm is shown by the green arrows in Figure 1(c) . Interband scattering from CB3 to CB2 should be fast close to the Γ point, for instance as energetic disorder in real materials will likely make these bands degenerate. From the Γ-point, electrons in CB2 cannot relax in energy by phonon emission along x or z, although relaxation through CB2 and CB1 associated with momentum changes in y is possible. Such anisotropic processes cannot be distinguished with the existing experiments on thin films with randomly oriented grains but should be considered in a complete theoretical treatment.
Conclusion
The hot carrier relaxation dynamics in the tin halide perovskite Cs 1−x Rb x SnI 3 was shown to be consistent with the energy loss mediated by the electron-LO phonon interaction, by the combination of wavelength-dependent THz photoconductivity dynamics, photoluminescence spectroscopy, and first principle calculations. Energy relaxation was found to proceed on timescales similar to those in GaAs over the range of pump wavelengths and fluences relevant to perovskite solar cells. Such a fast and efficient energy relaxation is surprising given the lower LO phonon energy of the perovskites studied, and points to an enhanced electronphonon coupling strength. These energy relaxation times imply that designs for tin-based perovskite photovoltaics that are capable of efficiently extracting hot carriers must necessarily include rapid charge extraction from the perovskite, within 1 ps. This is routinely achieved at interfaces in organic semiconductors 48 and in dye-sensitised solar cells.
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